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Alzheimer's disease (AD), the most common form of dementia among the elderly, is characterized by the progressive decline 
of cognitive function and has a detrimental impact worldwide. Despite intensive laboratory and clinical research over the last 
three decades, pharmacological options for the prevention and effective long-term treatment of AD are not currently available. 
Consequently, successful therapeutic and preventive treatments for AD are needed. When researching materials from natural 
resources having anti-dementia drug activity, we identified nobiletin, a polymethoxylated flavone from the peel of Citrus depressa. 
Nobiletin exhibited memory-improving effects in various animal models of dementia and exerted a wide range of beneficial effects 
against pathological features of AD including amyloid-/? (A/?) pathology, tau hyperphosphorylation, oxidative stress, cholinergic 
neurodegeneration and dysfunction of synaptic plasticity-related signaling, suggesting this natural compound could become a 
novel drug for the treatment and prevention of AD. 
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INTRODUCTION 

Alzheimer's disease (AD), the most common form of 
dementia among the elderly, is characterized by the pro- 
gressive decline of cognitive fiinction and has a detri- 
mental impact globally. The number of AD cases world- 
wide was estimated at 36 million in 2010 and is predicted 
to triple by 2050.'* The pathological hallmarks of AD are 
amyloid-/? (A;S) plaques and neurofibrillary tangles 
(NFT) accompanied by neurodegeneration, loss of syn- 
apses and failure of neurotransmitter pathways, partic- 
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ularly those of the cholinergic system. Currently, two 
classes of drugs are approved for the treatment of AD.^"'*' 
One is acetylcholinesterase (AChE) inhibitors, such as do- 
nepezil, galantamine and rivastigmine, which increase the 
neurotransmitter acetylcholine levels in the synapses. The 
other is a noncompetitive A'-methyl-D-aspartate (NMD A) 
receptor antagonist, memantine, which exerts its neuro- 
protective effect by inhibiting glutamate -mediated exci- 
totoxicity. These drugs can help alleviate the cognitive 
symptoms of AD patients but do not prevent, halt, or re- 
verse the disease progression.^ '*' Consequently, despite in- 
tensive laboratory and clinical research over the last three 
decades, pharmacological options for the prevention and 
effective long-term treatment of AD are not available cur- 
rently and, thus, are needed. 

Many compounds from natural resources have become 
promising candidates for drug development,'' as well as 
pharmacologically useful.''' When evaluating materials 
from natural resources having anti-dementia drug activity, 
we identified nobiletin, a polymethoxylated flavone from 
the peel of Citrus depressa (Fig. 1). Nobiletin enhances 
protein kinase A (PKA)/extracellular signal-regulated 
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kinase (ERK)/cAMP response element-binding protein 
(CREB) signaling in PCI 2D cells and cultured rat hippo- 
campal neurons. ^'^^ In addition, nobiletin induces long- 
term potentiation (LTP) via activating PKA-dependent 
phosphorylation of the alpha-amino-3-hydroxy-5-meth- 
yl-4-isoxazolepropionic acid (AMPA) receptor subunit 
GluRl in hippocampus slices.'* Furthermore, nobiletin 
exhibited memory-improving effects in various animal 
models of dementia, as shown in Table 1 . In this article, we 
summarized recent findings on potential efficacies of no- 
biletin against AD by targeting multiple pathological 
changes of this disease. 

MAIN SUBJECTS 

Effects of Nobiletin on Olfactory Bulbectomy-induced 
Memory Impairment and Cholinergic Neurodegeneration 

The cholinergic system, which plays a significant role 
in memory function, is seriously impaired in AD.'°'"' 



OCH3 

^OCHj 




Fig. 1. Chemical structure of nobiletin. 



Since olfactory bulbectomy (OBX) animals exhibit im- 
paired learning and memory caused by degeneration of 
the cholinergic system in the central nervous system,'^'''' 
they have been widely utilized as a useful paradigm that 
shares several major clinical features of AD.'"** In addi- 
tion, marked impairment of olfactory function has been 
reported at the early stage of AD. By using OBX mice, 
the beneficial effects of nobiletin on cognitive impairment 
as well as cholinergic neurodegeneration were examined 
by Nakajima et al."^ and Nagase et alJ^ In those studies, 
nobiletin (50 mg/kg, intraperitoneal [i.p.], or 50-100 
mg/kg, oral [p.o.]) was administered for 11 days from 
postoperative day three. In the passive avoidance test, dai- 
ly administration of nobiletin (50 mg/kg, i.p., or 50-100 
mg/kg, p.o.) for 1 1 days significantly improved OBX-in- 
duced associative memory impairment.^ '^* Furthermore, 
short-term memory impairment in the Y-maze test was al- 
so improved by treatment with 50 mg/kg nobiletin (p.o.) 
for 11 days.^' After completion of the behavioral test, 
Nakajima et al. evaluated the density of AChE staining 
in the brain to examine the effects of nobiletin on chol- 
inergic neurodegeneration. Eleven-day i.p. adminisfration 
of nobiletin rescued the OBX-induced decrease in the 
density of AChE -positive fibers in the hippocampus by 
19-32%. Because the intensity of AChE staining reflects 
the density of cholinergic septohippocampal innervation 
in the hippocampus'**' and behavioral improvement is cor- 
related with recovery of cholinergic markers, such as 
AChE and choline acetyltransferase,''' the results indicate 
nobiletin improves impaired memory in OBX mice by 
protecting cholinergic innervation in their hippocampus. 



Table 1. Beneficial effects of nobiletin on memory impairment in animal models of dementia 



Animal jyyjjgj^^ 


Behavioral analyses ^^^H^ 


^J/ehicle 


+ Nobiletin 


References 


OBX mice 


Associative memory in the passive avoidance test 


i 


improvement 


(7.17) 




Short-term memory in the Y-maze test 


i 


improvement 




A ;S -Infused rats 


Reference and working memory in the radial maze test 


i 


improvement 


(24) 


APP Tg mice 


Context-dependent fear memory In the fear conditioning test 


i 


Improvement 


(25) 




Ambulation and rearing In the open-field test 


i 


No effect 




MK-801 -treated mice 


Associative memory In the passive avoidance test 


i 


Improvement 


(34) 




Context-dependent fear memory In the fear conditioning test 


i 


Improvement 




Ischemic mice 


Associative memory in the passive avoidance test 


i 


Improvement 


(39) 




Short-term memory in the Y-maze test 


i 


Improvement 






Ambulation in the open-field test 


± 


No effect 




SAMPS mice 


Context-dependent fear memory in the fear conditioning test 


i 


Improvement 


(43) 




Tone-dependent fear memory in the fear conditioning test 


+ 


No effect 






Recognition memory in the novel object recognition test 


i 


Improvement 






Anxiet/ in the elevated plus maze test 


+ 


No effect 





i , Impaired; ±, no significant change. 

OBX, olfactory bulbectomy; A/S, Amyloid /9; APP Tg, amyloid precursor protein transgenic; SAMPS, senescence-accelerated mouse prone 
S. 
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Effects of Nobiletin on Memory Impairment In 
Aj^-lnfused Rats 

Based on the amyloid hypothesis,^"^ proposing that pro- 
duction and accumulation of A ^ are central to the patho- 
genesis of AD, A yS -infused rats are widely used as an AD 
model.^'' Several studies have demonstrated that acute in- 
jection or continuous infusion of A /? into the brain causes 
brain dysfunction, as evidenced by neurodegeneration 
and learning and memory deficits.^''^^' Matsuzaki et al.^*^ 
examined the effects of nobiletin on the impairment of ref- 
erence and working memory in AD rat models produced 
by chronic infusion of A 0 iao into the cerebral ventricle 
using an osmotic pump. Nobiletin (10-50 mg/kg, i.p.) was 
administered daily to A /? -infused rats for seven days be- 
fore and after surgery. In the eight-arm radial maze test, 
analyses of the effect of the infusion of A /? 1-40 using 
randomized two-factor (block and group) analysis of var- 
iance (ANOVA) showed significant main effects of both 
blocks of trials and groups on the number of reference 
memory errors and working memory errors, demonstrat- 
ing that infusion of A 1.40 into the cerebral ventricle 
causes impairment of reference and working memory in 
rats. The administration of nobiletin improved both refer- 
ence and working memory impairment in A /? -infused 
rats, suggesting protective ability against A 0 -induced 
memory deterioration. 

Effects of Nobiletin on Memory Impairment and 
Patfiology In Amyloid Precursor Protein Transgenic Mice 

Amyloid precursor protein transgenic (APP Tg) mice 
expressing various mutations identified from patients 
with familial AD have proven highly valuable in AD-re- 
lated research.^'' Onozuka et al.^^^ utilized aged APP- 
Swedish/London (SL) 7-5 Tg mice that overexpress hu- 
man APP695 harboring the double SL mutations as a 
model to evaluate the beneficial effects of nobiletin on AD 
pathology. APP-SL 7-5 Tg mice exhibited a small number 
of A plaques in the hippocampus and entorhinal cortex 
at the age of 9 months and displayed a considerable num- 
ber of A plaques at the age of 12 months and older.^^' 
Furthermore, the AD model mice displayed spatial memo- 
ry deficits as revealed by the Morris Water Maze test per- 
formed at ages fi-om 3-12 months.^*' Since APP-SL 7-5 Tg 
mice began to exhibit a small number of A /? plaques at 9 
months of age, nobiletin (10 mg/kg, i.p.) was administered 
daily for 4 months to 9-month-old APP-SL 7-5 Tg mice in 
Onozuka's study and the effects on memory impairment 
and A /? pathology were examined. Treatment with nobi- 



letin significantly reversed the memory impairments in 
APP-SL 7-5 Tg mice in the context-dependent fear con- 
ditioning test without affecting general behavior 
Enzyme-linked immunosorbent assay (ELISA) also 
showed administration of nobiletin markedly reduced the 
quantity of guanidine-soluble A /? 1.40 and A /? 1.42 in the 
brain. Furthermore, consistent with the ELISA results, im- 
munohistochemistry with anti-A y? antibody showed the 
administration of nobiletin decreased the A /? burden and 
plaques in the APP-SL 7-5 Tg mice hippocampi. These re- 
sults suggest nobiletin not only improved the cognitive 
deficit but also prevented A /? pathology in a transgenic 
AD mouse model. 

Effects of Nobiletin on MK-801-induced Memory 
Impairment 

Involvement of NMD A receptor hypo function has been 
suggested in brain dysfunction due to aging. Reportedly, 
the cognitive impairment in aging is associated with re- 
duced NMDA receptor expression.^^'^^^ Furthermore, 
NMDA receptor hypofunction may be related to the pro- 
gression of mild cognitive impairment to AD in the aging 
brain.^"' The mRNA and protein levels of NR1/NR2B 
subunits were found to be reduced with increasing AD 
pathological severity in the postmortem brain tissue of AD 
patients.'"' In addition, NMDA receptor subunits were se- 
lectively and differentially reduced in areas of the brain in 
AD patients, and the abnormalities correlated with cogni- 
tive AD deficits.''''^' Furthermore, a previous study 
showed the application of A /? promoted the endocytosis 
of NMDA receptors in cultured neurons, accompanied by 
persistent depression of NMDA-evoked currents, sug- 
gesting prolonged depression of NMDA receptor-medi- 
ated transmission may be involved in the initiation of the 
pathological changes observed in AD.'^' 

Accordingly, to clarify the effects of nobiletin on cogni- 
tive impairment associated with NMDA receptor hypo- 
function, Nakajima et al?''^ examined the effects of nobi- 
letin on learning and memory impairment induced by 
treatment with MK-801, a noncompetitive NMDA re- 
ceptor antagonist in mice. In that study, nobiletin (10-50 
mg/kg i.p.) was injected once daily for seven consecutive 
days before training for the contextual fear conditioning or 
passive avoidance test. In the contextual fear conditioning 
test, treatment with nobiletin (10-50 mg/kg) dose-depend- 
ently reversed the MK-801 -induced impairment of con- 
text-dependent fear memory by 40-70%. Consistently, in 
the passive avoidance test, treatment with 50 mg/kg nobi- 
letin reversed the MK-801 -induced associative memory 
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deficits by 90%. Since a single passive avoidance training 
event was previously shown to activate hippocampal 
ERK, which is necessary for consolidation of resultant 
leaming,'^'^^' the effects of nobiletin on MK-801 -induced 
inhibition of hippocampal ERK activation after the pas- 
sive avoidance training in mice were examined. Notably, 
repeated administration of nobiletin completely reversed 
the MK-801 -induced inhibition of hippocampal ERK ac- 
tivation, which was observed in vehicle-treated control 
animals immediately after the passive avoidance training. 
Furthermore, nobiletin reversed the MK-801 -induced im- 
pairment of NMDA-stimulated phosphorylation of ERK 
in cultured rat hippocampal neurons. These results sug- 
gest nobiletin reverses MK-801-induced memory deficits 
by the activation of ERK signaling in the hippocampus 
and may provide a new insight into therapeutic drug de- 
velopment for neurological disorders associated with 
NMDA receptor hypofunction, such as AD. 

Effects of Nobiletin on Ischemia-induced Memory 
Impairment 

Previous studies suggested neurovascular dysfunction 
is an integral part of AD.'^^ Cerebral blood flow (CBF) re- 
ductions caused decreased neural activities and 
blood-brain barrier (BBB) dysfunction in patients with 
AD.'^' Accordingly, studies using animal models in- 
dicated CBF reductions can induce neuropathological 
changes resembling AD pathology. For example, arterial 
carotid occlusion was shown to cause memory impair- 
ment, synaptic changes and accumulation ofA/3 oligom- 
ers in rats.^^' Yamamoto et al^'^^ addressed the issue of 
whether nobiletin has neuroprotective effects on ische- 
mia-induced neuronal death in the hippocampus, as well 
as whether it improves the cerebral ischemia-induced 
memory deficits in a mouse model with bilateral common 
carotid artery occlusion (BCCAO). Treatment with 50 
mg/kg nobiletin (i.p.) for seven consecutive days before 
and after brain ischemia significantly improved 5-min 
BCCAO-induced associative memory impairment in the 
passive avoidance test. Similarly, nobiletin treatment im- 
proved short-term memory impairment in the Y-maze test. 
In the 5-min ischemic mice, Western blot analysis showed 
the levels of synaptic proteins, including calcium/calm- 
odulin-dependent protein kinase II (CaMKII), micro- 
tubule-associated protein 2 (MAP2) and GluRl were sig- 
nificantly decreased in the hippocampal CAl region. The 
nobiletin treatment prevented the reduction of CaMKII, 
MAP2 and GluRl protein levels in the hippocampal CAl 
region, accompanied by restoration of both ERK and 



CREB phosphorylation and CaMKII autophosphoryla- 
tion. Consistent with restored CaMKII and ERK phos- 
phorylation, an electrophysiological study showed the im- 
paired hippocampal LTP observed in the 5-min ischemic 
mice was significantly improved by nobiletin treatment. 
These results suggest nobiletin improved ischemia-in- 
duced memory deficits, at least in part, by activating 
CaMKII and ERK signaling. 

Effects of Nobiletin on Memory Impairment, Oxidative 
Stress and Hyperphosphorylation of Tau In 
Senescence-accelerated Mouse 

Senescence-accelerated mouse (SAM) is a model of ac- 
celerated senescence that was established through pheno- 
typic selection from a common genetic pool of AKR/J 
mice.'"'' Senescence-accelerated mouse prone (SAMP) 
has a shortened lifespan and early manifestations of vari- 
ous signs of senescence, whereas senescence-accelerated 
resistant mouse (SAMR) shows normal aging. The 
SAMPS substrain, one of the SAMP strains, has proven to 
be a relevant model for AD because it shows the early on- 
set of learning and memory deficits and various patho- 
logical features of AD including increased oxidative 
stress, tau hyperphosphorylation and amyloid pla- 
ques. We recently reported the beneficial effects of 
nobiletin on age-related cognitive impairment as well as 




Hyperphosphorylation of tau 



Spine formation \ 



I Cognitive impairment 



Fig. 2. Beneficial activities of nobiletin in senescence-accelerated 
mouse prone 8 (SAMPS). In SAMPS mice, abnormal gene ex- 
pression may induce mitochondrial dysfunction and oxidative stress 

witli age. Furtliermore, tau liyperpliospliorylatlon may lead to 
deficits in tine formation of dendritic spines and neural networks, 
resulting In cognitive Impairment In SAMPS. Treatment with nobiletin 
significantly decreased protein carbonyl levels, an Index of protein 
oxidation and tau phosphorylation In the brain of SAMPS mice, 
which was associated with the restoration of decreased GSH/GSSG 
ratio as well as increased glutathione peroxidase (GPx) activity. 
These results suggest nobiletin improves cognitive impairment in 
SAMPS mice, at least in part, by reducing oxidative stress and tau 
hyperphosphorylation. 
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pathological featxires of AD such as oxidative stress and 
tau hyperphosphorylation in SAMPS mice.''^^ Beneficial 
activities of nobiletin in SAMPS mice are summarized in 
Fig. 2. 

Reportedly, SAMPS mice show learning and memory 
impairment at a young age in several leaming and memory 
paradigms.'*"' In our study, the novel object recognition 
test and fear conditioning were employed to examine the 
effects of nobiletin on age-related cognitive impairment in 
SAMPS mice. Nobiletin (10-50 mg/kg, i.p.) was ad- 
ministered daily for one month to SAMPS mice aged 4-6 
months prior to behavioral experiments. In the novel ob- 
ject recognition test, treatment with nobiletin significantly 
improved the impairment of object recognition memory in 
SAMPS mice. Furthermore, in the fear conditioning test, 
nobiletin reversed the context-dependent fear memory 
impairment, which is hippocampus-dependent'"'^ in 
SAMPS mice. Tone-dependent fear memory, which is 
hippocampus-independent,'"'' was not significantly im- 
paired in SAMPS mice, consistent with previous 
reports.''^ '"'' Because evidence has suggested performance 
in leaming and memory tasks could be confounded by 
emotional state,'''"''^' we examined the effects of nobiletin 
on anxiety-like behavior in SAMPS mice. The animals 
showed a trend toward reduced anxiety-like behavior in 
the elevated-plus maze task, although the difference was 
not statistically significant. Nobiletin had no effect on this 
anxiety-like behavior in SAMPS mice, suggesting nobile- 
tin-induced improvement of cognitive impairment in 
these mice may not be due to altered emotional state.'*'' 

Oxidative stress is a major factor in the aging process 
and in the course of various diseases associated with ag- 
ing, such as AD."*' The levels of lipid hydroperoxide and 
protein carbonyl in the brain of SAMPS mice were shown 
to increase with age and are higher than in SAMRl mice 
at a younger age.^"''^' In our study, we found nobiletin sig- 
nificantly modulated cellular antioxidant defense systems 
such as the GSH system and antioxidant enzymes in the 
brain of SAMPS mice. We showed that treatment with no- 
biletin restored the decrease in the GSH/GSSG ratio in 
SAMPS mice. In addition, nobiletin significantly in- 
creased the activity of glutathione peroxidase (GPx), an 
intracellular antioxidant enzyme that converts peroxides 
into nontoxic forms, in SAMPS mice. Consistent with 
these changes in the antioxidant defense systems, treat- 
ment with nobiletin significantly decreased the level of 
protein carbonyl, an index of protein oxidation, in SAMPS 
mice. Given that oxidative stress is related to the develop- 
ment of leaming and memory impairment in SAMPS 



mice, nobiletin potentially improves cognitive impair- 
ment in SAMPS mice, at least in part, by reducing oxida- 
tive stress through modulation of endogenous antioxidant 
defense systems in the brain. Accordingly, recent in vitro 
studies also showed the antioxidant properties of 
nobiletin.^^'^*' 

In addition to oxidative stress, overproduction of A /? 
and hyperphosphorylated tau, key pathological features of 
AD,'^' is observed in the hippocampus of SAMPS mice.''^' 
Although A 1-42 levels did not increase in the hippo- 
campus of SAMPS mice at the age of 5-7 months based on 
Westem blotting, we found increased tau phosphorylation 
levels at Ser202 and Thr23 1 . Notably, treatment with no- 
biletin reversed the increase in tau phosphorylation at 
these sites in the hippocampus of SAMPS mice. Hyper- 
phosphorylation impairs the microtubule binding function 
of tau, resulting in disorganized microtubule cytoskeleton 
and blocked axonal transport, leading to retrograde 
neurodegeneration.'*'^'' Regarding tau phosphorylation at 
Ser202 and Thr231, the phosphorylation at Ser202 re- 
portedly inhibits the microtubule assembly-promoting ac- 
tivity of tau,^°' and phosphorylation at Thr23 1 is important 
in tau binding to microtubules.*'' Moreover, phosphory- 
lated tau at these sites has been found in the AD-affected 
brain.*^ ''''' Taken together, our results with previous re- 
ports showing tau pathology is highly refiective of cogni- 
tive decline in AD,*''*^' indicate nobiletin may be an effec- 
tive treatment targeting phosphorylated tau and leading to 
cognitive improvement. 

CONCLUSION 

Herein, we provided an overview of potential anti-AD 
properties of nobiletin. As shown in Table 1, nobiletin ex- 
hibits memory-improving effects in various animal mod- 
els of dementia and exerts a wide range of beneficial ef- 
fects against pathological features of AD including A /? 
pathology, tau hyperphosphorylation, oxidative stress, 
cholinergic neurodegeneration and dysfunction of syn- 
aptic plasticity-related signaling. Furthermore, nobiletin 
has shown anti-neuroinflammatory effects in lipopoly- 
saccharide-stimulated BV-2 microglial cell culture mo- 
dels.***' Collectively, these results suggest this natural 
compound can become a novel dmg for the treatment and 
prevention of AD. 

Bioavailability in the brain is important for drags to be 
effective in the treatment of AD because an inability to 
cross the BBB could limit the therapeutic applications of 
dmgs.*'' Notably, analyses using high-performance liquid 
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chromatography (HPLC) and positron emission tomog- 
raphy (PET) suggest nobiletin penetrates the BBB and 
reaches a maximal level within 3-5 min after peripheral 
administration.™'^'' Additionally, 4'-demethylnobiletin, a 
major urinary metabolite of nobiletin in rats and mice,^^'^^' 
can cross the BBB and exert memory-improving effects in 
the brain. 

Although the beneficial pharmacological properties of 
nobiletin against AD have been clearly demonstrated in 
various animal models, primary molecular targets are still 
unclear. Accordingly, to understand fully the mechanisms 
of nobiletin action, the primary molecular targets should 
be determined using advanced target identification techni- 
ques, such as chemical proteomic -based approaches. ^^'^^' 
Furthermore, clinical trials in patients with AD and/or 
mild cognitive impairment are necessary to determine if 
nobiletin exhibits the therapeutic efficacy demonstrated in 
the animal models of dementia described in this review. 
Notably, a recent pilot clinical study suggested the possi- 
bility that 1-year treatment with nobiletin-rich C. retic- 
ulata peel extract could prevent progression of the cogni- 
tive impairment in donepezil-preadministered AD pa- 
tients with no adverse side effects. Nevertheless, further 
clinical trials are needed to establish the efficacy of nobi- 
letin as a useful strategy for the prevention and treatment 
of cognitive decline in patients with AD and/or mild cog- 
nitive impairment. 
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